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A B ST R A C T
A ngular  d i s t r ib u t io n s  of  the n u c le a r  r e a c t io n
3
D +  D —* H e  +  n +  3 , 2 7  M ev  
have  b ee n  m e a s u r e d  at n ine b o m b a r d in g  e n e r g i e s  ranging  f r o m  0 , 1 
M ev  to 0 . 9  M e v .  D e u t e r o n s  w e r e  a c c e l e r a t e d  in a Van de G raaff  
g e n e r a t o r  and a l lo w e d  to s t r ik e  a d e u t e r i u m - z i r c o n i u m  t a r g e t  300 
m i c r o g r a m s  p er  s q u a r e  c e n t i m e t e r  th ic k  on a 0 . 2 5  m i l l i m e t e r  p l a t ­
in u m  b a c k in g .  T a r g e t s  w e r e  a t tach ed  with  a v iny l  c e m e n t  to  the end  
of a b r a s s  tube w h o s e  w a l l  t h i c k n e s s  w a s  0 . 0 1 0  i n c h .  C a lc u la te d  
t a r g e t  t h i c k n e s s e s  ra n g ed  f r o m  44 to  52 kcv  w ith  an u n c e r t a in t y  of  
about "£ 20%. The u n c e r t a in t y  in the a v e r a g e  d e u te r o n  e n e r g y  in the 
t a r g e t  v a r i e d  f r o m  1.5% at 0 ,9 0 0  M ev  to 6 % at 0 .  100 M e v .
N e u t r o n s  w e r e  d e t e c t e d  w ith  tw o  p l a s t i c  s c i n t i l l a t o r s  m o u n ted  
on p h o to m u l t ip l i e r  tu bes;  one of  t h e s e  cou ld  be r o ta te d  to  m a k e  a n g le s  
of 0°  to 165° with  the in c id e n t  b e a m  d i r e c t i o n .  The other  s c in t i l l a t o r ,
Pi a c e d  on the r o ta t io n a l  a x i s ,  w a s  u s e d  a s  a r e f e r e n c e  c o u n t e r .  S m a l l  
g a m m a - r a y  b a c k g r o u n d  c o r r e c t i o n s  ( l e s s  than ft%) w e r e  m a d e  to the  
data at h ig h er  b o m b a r d in g  e n e r g i e s .  No n e u tr o n  b a c k g ro u n d  c o r r e c t i o n s  
w e r e  w a r r a n t e d .
vi
In the c e n t e r - o f - m a s s  c o - o r d i n a t e  s y s t e m ,  the data w e r e  f i t ted  
to  th e  e x p r e s s i o n
ao" ( 0 f) = dff* (90 ° ) (I  +  A C O 8 2 0 '  +  B c o s 4©') 
u s in g  the m e th o d  of  l e a s t  s q u a r e s .  A an d  B ,  the  e n e r g y  d e p e n d en t  
a s y m m e t r y  c o e f f i c i e n t s ,  w e r e  d e t e r m i n e d  at e a c h  b o m b a r d in g  e n e r g y ;  
a s m o o t h  e n e r g y  v a r ia t io n  of th e  c o e f f i c i e n t s  r e s u l t e d .  C o m p a r i s o n  
i s  m a d e  w ith  v a l u e s  d e t e r m i n e d  in o th er  l a b o r a t o r i e s .  T h e  data w e r e  
a l s o  e x p r e s s e d  in  t e r m s  o f  L e g e n d r e  p o l y n o m i a l s .
C H A P T E R  I 
INTRODUCTION
In 1 9 5 4  a  d e t e r m i n a t i o n  o f  t h e  a n g u l a r  d i s t r i b u t i o n  o f  t h e
r e a c t i o n
3
D  -*• D - ^ H e  +  n - f  3 , 2 7  M e v  
at  0 , 1 0 0  M e v  w a s  m a d e  a t  L o u i s i a n a  S t a t e  U n i v e r s i t y .  L a t e r  a  V a n  de  
G r a a f f  a c c e l e r a t o r  w a s  o b t a i n e d  w h i c h  m a d e  p o s s i b l e  p e r f o r m a n c e  of  
e x p e r i m e n t s  at  h i g h e r  e n e r g i e s .  T h e  m e r i t  a n d  f e a s i b i l i t y  o f  t h e  
e x t e n s i o n  o f  t h i s  o r  s i m i l a r  s t u d i e s  on  t h e  d - d  r e a c t i o n  to  h i g h e r  
e n e r g i e s  w a s  c o n s i d e r e d .
B e t w e e n  0 . 5  a n d  3 . 7  M e v  s e v e r a l  m e a s u r e m e n t s  o f  t h e
3 3 , 4
D ( d ,  n ) H e  a n g u l a r  d i s t r i b u t i o n  h a v e  b e e n  r e p o r t e d ,  bu t  o n l y
t h r e e  e n e r g i e s  b e l o w  1 . 0  M e v  a r e  i n c l u d e d .
Jack  C .  F u l l e r ,  "The A n gu lar  D is tr ib u t io n  of D - D  N e u tr o n s  
at 100 k e v ,  " T h e s i s ,  L o u i s ia n a  State  U n i v e r s i t y ,  ( 1 9 5 4 ) .
2
W . E .  B e n n e t t ,  C .  E .  M a n d e v i l l e ,  and H .  T .  R i c h a r d s ,
"The Y ie ld  F u n c t io n  and A n g u la r  D is tr ib u t io n  of the D +  D N e u t r o n s ,  " 
P h y s i c a l  R e v i e w  6 9 ,  418 ( 1 9 4 6 ) .
3
J .  M o r r i s  B l a i r ,  G e o r g e  F r e i e r ,  E u g e n e  L a m p i ,  W i l l i a m  
S l e a t e r ,  J r . ,  and J .  H .  W i l l i a m s ,  "The A n g u la r  D i s t r ib u t io n  of  the  P r o d u c t s  
of  th e  D - D  R e a c t io n :  1 to  3 . 5  M e v , '  P h y s i c a l  R e v i e w  74 ,  1599 ( 1 9 4 8 ) .
4
G. T .  Hunter and H .  T .  R i c h a r d s ,  "Y ie ld  and A ngular  




At e n e r g i e s  b e lo w  0 . 1 0 0  M e v ,  i n v e s t i g a t i o n s  o f  the D (d ,n )H e
5 , 6 , 7 , 8
r e a c t i o n  have b een  r e p o r t e d  in four p u b l i c a t i o n s .  The v a r io u s
r e s u l t s  a r e  by no m e a n s  in a g r e e m e n t .  V e r y  c o n s id e r a b l e  a s y m m e t r i e s
in the  angular  d i s t r ib u t io n  o c c u r  e v e n  at t h e s e  lo w  e n e r g i e s .
T h e r e  have  b e e n  t h r e e  e x p e r i m e n t s  r e p o r t e d ,  in addit ion to  the
4
lo w e r  e n e r g y  part  of  Hunter and R ich a r d s '  w o r k ,  w h ich  fall  in the 0 .  100
9
to 1 . 0  M ev  e n e r g y  i n t e r v a l .  The e a r l i e s t  of  t h e s e ,  B a r t h o l d s o n ' s ,
in c lu d ed  four b o m b a r d in g  e n e r g i e s  b e t w e e n  0 . 0 5 0  and 0 . 2 0 0  M e v .  U s in g
a B F  counter  B a r t h o ld s o n  d e t e c t e d  n e u tr o n s  r e l e a s e d  in a h ea v y  ice  
3
2 ,
t a r g e t .  The data w e r e  f i t ted  to  a ( 1 4  A c o s  H) d i s t r ib u t io n  in the  
c e n t e r - o f - m a s s  c o - o r d i n a t e  s y s t e m .
5
P a u l  B a k e r ,  J r .  and Arthur W a l tn e r ,  "Angular D is tr ib u t io n  
of N e u t r o n s  o f  the d - d  R e a c t i o n ,  11 P h y s i c a l  R e v i e w  8 8 , 1213 (1 9 5 2 ) .
6
E l i z a b e t h  A .  E l i o t ,  D .  R ouf ,  and P .  F .  D .  Sh aw ,  "The  
C r o s s - s e c t i o n  and A n g u la r  D i s t r ib u t io n  o f  the D - D  R e a c t i o n s  B e l o w  50 
k e v , "  P r o c e e d i n g s  oi  the R o y a l  S o c i e t y  of  London A 2 1 6 , 57 ( 1 9 5 3 ) .
7
U .  T i m m ,  H .  N e u e r t ,  and B .  E i s n e r ,  "Die W in k e lv e r te i lu n g  
der  b e i  den D, D - R e a k t i o a e n  i m  B e r e i c h  n i e d r i g e r  D - E n e r g i e n  
e m i t t i e r t e n  T e i l c h e n ,  11 Z e i t s c h r i f t  fur P h y s i k  139, 425 ( 1 9 5 4 ) .
g
D .  Li. B o o th ,  G .  P r e s t o n ,  and P .  F .  D .  Sh aw ,  "The C r o s s  
S e c t i o n  and A ngular  D i s t r i b u t io n s  of  the  D - D  R e a c t i o n s  b e t w e e n  40 and  
90 k e v , 11 P r o c e e d i n g s  o f  the  P h y s i c a l  S o c i e t y  A 6 9 ,  265 ( 1 9 5 6 ) .
9
I n g e m a r  B a r t h o l d s o n ,  "The an gu lar  d i s t r ib u t io n  of  the D - D  
N e u t r o n s , "  A r k iv  ftir F y s i k  2 ,  271 ( 1 9 5 0 - 5 1 ) .
10
The w o rk  r e p o r t e d  by P r e s t o n ,  S h a w ,  and Young in c lu d e d
m e a s u r e m e n t s  o f  the a n g u la r  d i s t r i b u t i o n  and to ta l  c r o s s  s e c t i o n  of
3 3
both  th e  D ( d ,n ) H e  and D ( d ,p ) H  r e a c t i o n s  at f iv e  b o m b a r d in g  e n e r g i e s  
b e t w e e n  0 . 1 5 6  and 0 . 4 6 6  M e v .  T h e  c h a r g e d  p a r t i c l e s  p r o d u c e d  in a 
th in  g a s  t a r g e t  w e r e  d e t e c t e d  by m e a n s  of  p r o p o r t io n a l  c o u n t e r s .
A n g u la r  d i s t r i b u t i o n s  w e r e  e x p r e s s e d  in the f o r m
i ?  4d r  (0 ) = dcr (90 ° ) ( 1 +  A c o s  0 1 +■ B c o s  O') in  the c e n t e r - o f - m a s s  s y s t e m .
S i n c e  the n u c l e i  in i t i a t in g  the  d - d  r e a c t i o n s  a r e  i d e n t i c a l ,  the  
c e n t e r - o f - m a s s  d i s t r i b u t i o n  o f  the e m i t t e d  p a r t i c l e s  m u s t  be s y m m e t r i ­
ca l  about  a p la n e  p e r p e n d i c u l a r  to  th e  b e a m  d i r e c t i o n .  F o r  t h i s  r e a s o n
o n ly  e v e n  p o w e r s  of c o s i n e  a p p e a r  in  the a n g u la r  d i s t r i b u t i o n .
1 1
C hagnon  and O w e n  d e t e r m i n e d  the a n g u la r  d i s t r i b u t i o n  and
3
to ta l  c r o s s  s e c t i o n  of th e  D ( d ,n ) H e  r e a c t i o n  at s e v e n  e n e r g i e s  r a n g in g
f r o m  0 . Z 5 0  to 0 . 8 2 5  M e v .  T h e s e  i n v e s t i g a t o r s  c o u n te d  n e u t r o n s  w ith
a t w o - c r y s t a l  s p e c t r o m e t e r  s i m i l a r  to  that d i s c u s s e d  by C hagnon ,
12
M a d a n s k y  and O w e n .  A c c o r d i n g  t o  the a u t h o r s  i t  c o m b i n e s  g o o d  e n e r g y
P r e s t o n ,  P .  F .  D .  S h a w ,  and  S .  A .  Y ou n g ,  "The  
c r o s s - s e c t i o n s  and a n g u la r  d i s t r i b u t i o n s  o f  the  D - D  r e a c t i o n s  b e t w e e n  
150 and  450  k e v ,  " P r o c e e d i n g s  o f  th e  R o y a l  S o c i e t y  of  L o n d o n  A 2 2 6 ,
206 ( 1 9 5 4 ) .
P a u l  R ,  C h a g n o n  and G e o r g e  E .  O w e n ,  " A n g u la r  D i s t r i b u ­
t i o n s  o f  the  D +  D N e u t r o n s ,  " P h y s i c al R e v i e w  1 0 1 , 1798 ( 1 9 5 6 ) .
^ p a a l  R .  C h a g n o n ,  L e o n  M a d a n s k y ,  and G e o r g e  E .  O w e n ,  "A 
F a s t  N e u t r o n  C o i n c i d e n c e  S p e c t r o m e t e r ,  " R e v i e w  of  S c i e n t i f i c  I n s t r u m e n t s  
2 4 ,  6 5 6  ( 1 9 5 3 ) .
4
r e s o l u t i o n  w ith  g a m m a - r a y  d i s c r i m i n a t i o n .  The  t h i c k n e s s  of the gas
t a r g e t  e m p l o y e d  v a r i e d  f r o m  100 to  225 k ev  for v a r io u s  in c id en t
d e u ter o n  e n e r g i e s .  The  angu lar  d i s t r ib u t io n  i s  e x p r e s s e d  in the f o r m  
2 4(1 + A c o s  ©' + B c o s  O’) .  In the l a t t e r  t h r e e  e x p e r i m e n t s  d e s c r i b e d ,
t h e r e  i s  c o n s i d e r a b l e  v a r ia n c e  at m o s t  e n e r g i e s  in  the v a lu e s  of  the
e n e r g y  d ependent  a s y m m e t r y  c o e f f i c i e n t s .  In r e g a r d  to  the total
a s y m m e t r y ,  ( A + B ) ,  of the i  e a c t i o n ,  the c h a r g e d  p a r t i c l e  w o r k  of  
10
the O x fo r d  group  g i v e s  c o n s i s t e n t l y  h ig h e r  r e s u l t s  than t h o se  of  the
other  two a u t h o r s .  C o m p a r i s o n  with  the data of  B a r t h o ld s o n  i s  m ade
d if f icu l t  b y  the  fa c t  that no m e n t io n  in the r e p o r t  i s  m a d e  of the t a r g e t
t h i c k n e s s  or e r r o r s  in  the a s y m m e t r y  c o e f f i c i e n t s .  E x a m in a t io n  of
5, 6 , 7,  8
the a c c o u n t s  of e x p e r i m e n t s  b e lo w  0 . 1 0 0  M ev  r e v e a l s  at  t h e s e
6 , 8
e n e r g i e s  the s a m e  t e n d e n c y  of  th e  O x fo r d  c h a r g e d  p a r t i c l e  w o rk  
to  r e s u l t  in tota l  a s y m m e t r i e s  h ig h e r  than t h o s e  r e p o r t e d  by o t h e r s .
S e v e r a l  t h e o r e t i c a l  d i s c u s s i o n s  of  the d - d  r e a c t i o n s  have  b e e n
1 3 , 1 4 , 1 5 , 1 6 , 1 7
p u b l i sh e d ,  the l a t e s t  of w h ich  a p p e a r e d  in 19 5 4 ,  The
f i r s t  four p a p e r s  e x p la in  th e  e n e r g y  v a r ia t io n  of  the  a s y m m e t r y
c o e f f i c i e n t s  by  the d i f f e r e n t  c o u lo m b  and c e n t r i fu g a l  b a r r i e r s  en cou n ter -
17e d  by the in c o m i n g  w a v e s  of  d i f f e r e n t  angu lar  m o m e n t a .  F a i r b a i r n
t r e a t s  the r e a c t i o n  f r o m  the point  of  v i e w  of  s tr ip p in g  and d e a l s
p r i m a r i l y  with  d e u te r o n  e n e r g i e s  above  5 . 0  M e v .  The l a t e s t  D(d, n)He^
1 3 , 1 5 ,  16
e x p e r i m e n t  to  w h ic h  Konopinsk i ,  e t  a l ,  m a d e  c o m p a r i s o n s  w a s
4 6 , 8 , 1 0
that  of  Hunter and R i c h a r d s .  S e v e r a l  r e c e n t  e x p e r i m e n t s  find
s h a r p ly  d i f f e r e n t  a s y m m e t r i e s  of the angular  d i s t r ib u t io n s  for  the
D (d ,p )  and D(d» n) r e a c t i o n s .  The  e a r l i e r  t h e o r e t i c a l  w o r k ^ ’
c o n s i d e r e d  no a s s u m p t i o n  of  th i s  k ind  in  the t r e a t m e n t  of the p r o b l e m .
13
E .  J .  K o n o p in sk i ,  and E . T e l l e r ,  " T h e o r e t i c a l  
C o n s id e r a t i o n s  C o n c e r n in g  the D + D R e a c t i o n s ,  " P h y s i c a l  R e v i e w  73,  
822 ( 1 9 4 8 ) .
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Y o s h ih i r o  N a k a n o ,  "On the A n gu lar  D is tr ib u t io n  o f -D - D  
R e a c t i o n  P r o d u c t s , "  P h y s i c a l  R e v i e w  76 ,  981 ( 1 9 4 9 ) .
15F .  M .  B e id u k ,  J .  R .  P r u e t t ,  and E .  J .  K o n o p in sk i ,  " T h e o r y  
of  the  D +  D R e a c t i o n s  P a r t  I .  A n a l y s i s  o f  the E n e r g y  D e p e n d e n c e ,  " 
P h y s i c a l  R e v i e w  77 ,  622  ( 1 9 5 0 ) .
R .  P r u e t t ,  F ,  M .  B e id u k ,  and E .  J .  K o n o p in s k i ,  " T h e o r y  
of  the D*f D R e a c t i o n s  P a r t  II. R e l a t i o n  to  the I n t e r n u c le o n ic  F o r c e s , "  
P h y s i c a l  R e v i e w  77 ,  628 ( 1 9 5 0 ) .
M .  F a i r b a i r n ,  "The D - D  R e a c t i o n ,  " P r o c e e d i n g s  of the  
F h y s i c a l  S o c i e t y  A 6 7 , 990  (1 9 5 4 ) .
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It i s  hoped  that the a v a i la b i l i t y  of m o r e  data c o n c e r n in g  the d-d  
r e a c t i o n s  w i l l  e n c o u r a g e  fu rth er  t h e o r e t i c a l  i n v e s t i g a t i o n s .
In v iew  of the above  c o n s i d e r a t i o n s ,  it s e e m s  im p o r ta n t  to
3d e t e r m i n e  m o r e  c l o s e l y  the v a l u e s  o f  the  D (d ,n )H e  a s y m m e t r y  
c o e f f i c i e n t s  and t h e ir  d ep en d en c e  on b o m b a r d in g  e n e r g y .  The p r e s e n t  
w o rk  w a s  u n d er take n  to  d e t e r m i n e  the r e l a t i v e  angu lar  d i s t r ib u t io n  
a s  a function  of  e n e r g y  b e t w e e n  0 . 1 0 0  and 0 . 9 0 0  M e v .
C H A P T E R  II 
E X P E R I M E N T A L  METH O D
D e u t e r o n s  w e r e  a c c e l e r a t e d  in the Van de G r a a i f  g e n e r a t o r ,
w h ic h  w a s  a c q u i r e d  b y  t h i s  p h y s i c s  d e p a r tm e n t  in  1954 and s u b s e q u e n t ly
18a s s e m b l e d  and put into  o p e r a t i o n .  The  p r i m a r y  m o d i f i c a t io n  r e q u ir e d  
w a s  a change  in the type  of a c c e l e r a t o r  tube e m p l o y e d .  D e u t e r iu m  io n s  
p r o d u c e d  in the ion  s o u r c e  at the top of the  v e r t i c a l  m a c h in e  a r e  a c c e l ­
e r a t e d  and d e f l e c t e d  in a p e r m a n e n t  m a g n e t  a n a l y z e r .  S ee  f igu re  1.
The p u r p o s e  of  the a n a l y z e r  i s  to  d e f l e c t  and stop the D^ io n s  and d e t e r ­
m in e  the e n e r g y  o f  the D*"ions. An ir o n  shunt d r iv e n  by a m o to r  and  
w o r m  g e a r  e n a b l e s  the m a g n e t i c  f i e ld  to  be v a r ie H .  A f ter  p a s s i n g  th rou gh  
the a n a l y z e r ,  the io n s  t r a v e l  about s ix  f e e t  b e fo r e  s t r ik in g  the t a r g e t .
A s  in d ic a te d  in f ig u r e  1, a 3 / 1 6  in ch  d ia m e t e r  c o l l i m a t i n g  a p e r ­
t u r e  w a s  l o c a t e d  about 34 in c h e s  above the t a r g e t .  T h i s  a p e r tu re  w a s  
m a d e  by d r i l l in g  a h o le  in a s m a l l  d i s c  of  ta n ta lu m  0 . 0 0 1  inch  t h ic k .  A  
thin  d i s c  w a s  u s e d  so that any s i z a b l e  q u a n t i t i e s  of ion c u r r e n t  would  
ten d  to heat  it and d r iv e  off  im b e d d e d  i o n s .  T h is  i s  im p o r ta n t  in b a c k ­
ground  c o n s i d e r a t i o n s  s i n c e  any  im b e d d e d  d e u t e r i u m  w i l l  ac t  a s  a t a r g e t
| Q
E l d r i d g e  A d r ia n  W i l l i a m s o n ,  " In s ta l la t ion  and O p e r a t io n  
of a Van de G raaf f  A c c e l e r a t o r , "  T h e s i s ,  L o u i s ia n a  S ta te  U n i v e r s i t y ,  
(1 9 5 5 ) .
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G E N E R A T O R  
B A S E  P L A T E
V IE W IN G  P O R T
TO GOLD T R A I’ 
A N D
V A C U U M  PUMPS ' B E A M  A N A L Y Z IN G  M A G N E T
VALVE F O R  I S O L A T I N G  
B E A M  T U B E
8TU PA K O FF 8 E A L
P A R A F F I N  A N N U L I  
F O R  SHIELDING
MOUNTING FLANGE  
FO R  A P E R T U R E
TO  A I R  
COMPRES! C L A M P
SMIL WALL _  
NIOKEL TUBING
10 MIL WALL _ 
B R A S S  TUBING
TARGET
CIRCULAR PLATE
PIN FO R FIXING  
A N G L E PH O TO TU BES
R O T A T IN G  ARM
SCALE: m e '
F i g u r e  1 G e n e r a l  E x p e r i m e n t a l  A r r a n g e m e n t
and w i l l  p r o d u c e  n e u tr o n s  w h en  b o m b a r d e d  by o th er  d e u t e r o n s .  S tud ies
1 9 , 2 0
at L o u i s i a n a  S tate  U n i v e r s i t y  in d ic a te  that tan ta lu m  i s  w e l l  su i t e d
for th i s  p u r p o s e .  P r o v i s i o n  for  e l e c t r i c a l  co n n e c t io n  to  the a p e r t u r e  
d i s c  m a d e  it p o s s i b l e  to  m e a s u r e  the ion c u r r e n t  w h ich  s tr u c k  i t .  T h is  
p r o v e d  to  be a v a lu ab le  aid  in f o c u s in g  the b e a m  and w a s  u s e d  to r e d u c e  
the d i s c  c u r r e n t ,  t h e r e b y  r ed u c in g  b a ck g ro u n d  fro m  i t .  F o c u s i n g  
co n d i t io n s  d ep en d ed  on the a c c e l e r a t i n g  potent ia l  and c a u s e d  the r a t io  
of the d i s c  c u r r e n t  to  b e a m  c u r r e n t  to  v a r y  f r o m  near  0 to 2 . 0  at 
di f fer e n t  b o m b a r d in g  e n e r g i e s .  The fo cu s  w a s  sh a r p e r  at h igher  
e n e r g i e s  than at l o w e r .  The f i r s t  a p e r t u r e  d i s c  u se d  w a s  r e p l a c e d  by  
a c l e a n  one about m id w a y  th ro u g h  the e x p e r i m e n t .
T w o  s m a l l  ta n ta lu m  p r o n g s  0 . 0 0 1  inch  th ick  p ro tru d in g  s l i g h t ly  
into  the ion b e a m  w e r e  u t i l i z e d  in c o n t r o l l in g  the  b e a m  ener  g y .  The  
changing  d e f l e c t i o n  in the a n a l y z e r  r e s u l t i n g  f r o m  a s l ig h t  r i s e  or fa l l  
in e n e r g y  c a u s e d  an u n b a la n ce  in the c u r r e n t  on the p r o n g s ;  the pronga  
w e r e  c o n n e c t e d  to the inputs  of  a b a la n c e d  d .  c .  a m p l i f i e r .  T h is  e r r o r
19R o b e r t  W . C a m p b e l l ,  " D -D  R e a c t i o n  in V a r io u s  T a r g e t  
M a t e r i a l s , "  T h e s i s ,  L o u i s i a n a  State  U n i v e r s i t y ,  ( 1 9 5 4 ) .
20
J e r r y  D .  K o r s m e y e r ,  " T e m p e r a t u r e  V a r ia t io n  o f  the  N eu tr o n  
Y ie ld  f r o m  the D - D  R e a c t i o n  in  M o ly b d e n u m  and T a n ta lu m ,  " T h e s i s ,  
L o u i s i a n a  State  U n i v e r s i t y ,  ( 1 9 5 4 ) .
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s ig n a l  w a s  u s e d  to  adjust  the c u r r e n t  drawn by a co ro n a  n e e d le  f ro m  the  
high v o l ta g e  s h e l l ,  r e d u c in g  or i n c r e a s i n g  the a c c e l e r a t i n g  v o l ta g e  as  
r e q u i r e d .
The g e n e r a t in g  v o l t m e t e r  u s e d  to  m e a s u r e  the a c c e l e r a t i n g  po tent ia l
19 ww a s  c a l i b r a t e d  by  m e a n s  of the g a m m a - r a y  r e s o n a n c e s  of  the F  (p,W»)0 
r e a c t io n  b e f o r e  and during the s e r i e s  of  r u n s .  A lu m in u m  f lu o r id e  t a r g e t s  
for  th i s  p u r p o s e  w e r e  p r e p a r e d  in the fo l lo w in g  w a y .  A few  d r o p s  of 50% 
h y d r o f lu o r i c  a c id  w e r e  d e p o s i t e d  on a c l e a n  s m o o t h  p ie c e  of  a l u m i n u m .
T h i s  a c id  w a s  then d i lu ted  by hold ing the a lu m in u m  p i e c e  under s lo w ly  d r ip ­
ping w a t e r .  In the d i lu t ing  p r o c e s s  the a lu m in u m  w a s  t ip p e d  f r o m  s id e  to 
s id e  to  m a k e  a f a i r l y  u n i fo r m  f i l m  of  the a c i d - w a t e r  s o lu t io n .  F i n a l l y ,  a l l  
of the so lu t io n  w h ich  w ou ld  do s o  w a s  a l lo w e d  to run off the  a lu m in u m ,  and 
the th in  f i l m  w a s  d r ie d  s l o w l y  (1 o r  2 m in u te s )  o v e r  a f l a m e .  The r e s u l t  
w a s  a " s e m i - t h i n "  a lu m in u m  f lu o r id e  t a r g e t .  T h e s e  t a r g e t s  gave  no i n d i ­
c a t io n  o f  f la k in g  e v e n  a f ter  s e v e r a l  h o u r s  o f  b o m b a r d m e n t .
N e u t r o n s  w e r e  d e t e c t e d  w ith  tw o  p l a s t i c  s c i n t i l l a t o r s  m ou nted  
on p h o to m u l t ip l i e r  t u b e s .  One of  t h e s e  cou ld  be r o ta te d  to m a k e  
a n g l e s  of  0 * to * l6 5 *  with  the in c id e n t  b e a m  d ir e c t io n ;  the o ther  w a s  
p l a c e d  on the  a x i s  of  ro ta t io n  and u s e d  a s  a r e f e r e n c e  c o u n t e r .  In o r d e r  
to  m i n i m i z e  e r r o r s  due to v a r ia t io n  in  th e  b e a m  p o s i t i o n ,  cou n ts  taken  on 
o p p o s i t e  s i d e s  of  the  b e a m  w e r e  a d d ed .  R e f e r r i n g  to  f ig u r e  1, the  
c i r c u l a r  p l a t e s  h ave  5 / 1 6  in c h  d i a m e t e r  h o l e s  d r i l l e d  at 15* i n t e r v a l s  
a rou n d  th e ir  p e r i p h e r i e s .  A n g l e s  a r e  s e l e c t e d  by
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in s e r t i n g  p in s  th ro u g h  a ho le  in e a c h  of the  rotat ing  a r m s  and through  
the d e s i r e d  hole  of  e a c h  c i r c u l a r  p l a t e .  The h o le s  w e r e  la id  off with  
a d iv id in g  h ea d  with an a c c u r a c y  o f  at l e a s t  i" 1 m in u t e .  A n g l e s  w e r e  
m e a s u r e d  to  ♦ 1 °; the c h ie f  u n c e r t a in t y  w a s  in  the 0 * d e t e r m in a t io n .
1 . 0  m i l l i m e t e r  d i a m e t e r  h o le s  d r i l l e d  a c c u r a t e l y  through  the c e n te r  of  
e a c h  o f  the  b o l t s  w h ich  sup p o rted  the ro ta t in g  a r m s  w e r e  e m p lo y e d  in  
a l ig n in g  the  t a r g e t  with  the a x i s  o f  r o ta t io n .  T h is  a l i g n m e n t  w a s  
a c c o m p l i s h e d  by s t r e t c h i n g  a thin w ire  b e tw ee n  the two n o l e s  and a l s o  
by o b s e r v in g  th ro u g h  one hole  a l ig h t  s o u r c e  p la c e d  behind the o t h e r .
It i s  e s t i m a t e d  that  t h i s  p r o c e s s  a l ig n e d  the t a r g e t  with the a x i s  of  
r o ta t io n  to  within  *  0 . 2 5  m i l l i m e t e r .  M o s t  of  the p a r t s  c o m p r i s i n g  the  
a n g le  m e a s u r i n g  d e v i c e  are  a lu m in u m .
An im p o r ta n t  f e a tu r e  of  the  angle  m e a s u r i n g  a p p a ra tu s  i s  the  
r ig i d i t y  of the r o ta ta b le  p h o to m u l t ip l i e r  support;  th is  p r o p e r ty  i s  
n e c e s s a r y  to  in s u r e  that v e r y  l i t t l e  sag  o c c u r s .  Sagg ing  r e s u l t s  in  
a l t e r a t i o n  of  the  d i s t a n c e  f r o m  the t a r g e t  to  the s c in t i l l a t o r  and c h a n g e s  
the s o l i d  a n g le  sub ten d ed  by the s c i n t i l l a t o r .  The e f f e c t  i s  g r e a t e s t  at 
0* and 1 6 5 * .  C a lc u la t io n s  of the  s a g  w e r e  m a d e  during  the d e s ig n  p e r io d ,  
and a f te r  c o n s t r u c t i o n  the b en d in g  due to  v a r i o u s  w e ig h t s  w a s  m e a s u r e d .  
F o r  weightB up to  5 . 5  p o u n d s ,  the  m e a s u r e d  d i s p l a c e m e n t  w a s  0 , 0 0 1  
in c h  or  l e s s ,  and a w e ig h t  of  26 pounds  r e s u l t e d  in a sa g  of  0 . 0 0 7 5  i n c h .  
The w e ig h t  a c t u a l l y  r e q u i r e d  to  be  su p p o r te d  w a s  about 1 . 0  pound.
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Z i r c o n i u m - d e u t e r i u m  t a r g e t s  300 m i c r o g r a m s  p er  sq u a r e  
c e n t i m e t e r  th ic k  on a 0 . 2 5  m i l l i m e t e r  p la t in u m  b ack in g  w e r e  u t i l i z e d  
in t h i s  e x p e r i m e n t .  T a r g e t s  o f  th i s  kind a r e  m a d e  by sa tu r a t in g  a 
thin  e v a p o r a t e d  f i lm  of  z i r c o n i u m  with  d e u t e r iu m  g a s .  A tota l  of  th re e  
t a r g e t s  w e r e  n e e d e d ,  and t h e s e  w e r e  p u r c h a s e d  f r o m  Oak R idge  
N a t io n a l  L a b o r a t o r y .  T h i s  type of  t a r g e t  w a s  c h o s e n  in p r e f e r e n c e  to  
a g a s  t a r g e t  for  s e v e r a l  r e a s o n s ;  tw o  of  t h e s e  w i l l  be m e n t i o n e d .  If 
a fo i l  s e p a r a t e s  the t a r g e t  gas  f r o m  the v acu u m  s y s t e m ,  the p r o b l e m  
of m e a s u r i n g  the e n e r g y  l o s s  in the fo i l  a r i s e s .  The gas  v o lu m e  in 
w h ich  n e u tr o n s  a r e  r e l e a s e d  i s  f a i r l y  l a r g e  and in s o m e  c a s e s  not w e l l  
d e f in e d .  It shou ld  be m e n t io n e d ,  h o w e v e r ,  that if  a c c u r a t e  a b so lu te  
c r o s s  s e c t i o n s  a r e  to be m e a s u r e d ,  a g a s  t a r g e t  i s  e s s e n t i a l .
In d e s ig n in g  a m e a n s  o f  a t ta ch in g  the Z r - D  t a r g e t s  to the v a c u u m  
s y s t e m ,  t h r e e  c o n s i d e r a t i o n s  w e r e  of p r i m a r y  c o n c e r n .  T h e s e  w e r e :  
p r o v i s i o n  for  c o o l in g  ( e x p la in e d  b e l o w ) ,  a m in i m u m  of  s c a t t e r i n g  m a s s  
in the t a r g e t  v i c i n i t y ,  and a type of  v a c u u m  s e a l  w h ich  ga v e  r i s e  to  a 
m i n i m u m  of  h y d r o c a r b o n  c o n ta m in a t io n  of  the  t a r g e t  s u r f a c e .  The  
i m p o r t a n c e  of th e  l a t t e r  p r o b l e m  b e c a m e  apparent  o n ly  a f te r  c o n s i d e r a b l e  
i n v e s t i g a t i o n .  It w a s  f i r s t  thought that  o b s e r v e d  c o n ta m in a t io n  w a s  due  
c h ie f ly  to  o i l  v a p o r  in the  v a c u u m  s y s t e m  ab ove  the t a r g e t .  A  tr a p  w a s  
f a s h i o n e d  by  w ra p p in g  a t a r g e t  tube w ith  an in s u la t in g  m a t e r i a l  and then  
w ith  n i c h r o m e  w i r e .  T h i s  w a s  u s e d  to  h ea t  to  a p p r o x i m a t e l y  900® C
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a 6 inch  s e g m e n t  of  the tube d i r e c t l y  a b o v e  the t a r g e t .  A f te r  th i s  trap  
had l i t t l e  n o t i c e a b le  e f f e c t  in r e d u c in g  the ra te  of  f o r m a t io n  of the carbon  
f i l m s ,  the v iew p o in t  that  the m a jo r  part  o f  the c o n ta m in a t io n  c a m e  f r o m  
above  the t a r g e t  w a s  ab an d on ed .  Init ia l  e x a m in a t io n  of  ca r b o n  c o n t a m i ­
nat ion  c o n s i s t e d  o f  o b s e r v i n g  ap p aren t  sh i f t s  in the g a m m a - r a y  r e s o n a n c e s  
of  f l u o r i n e .  T h e s e  s h i f t s  w e r e  due to  the grad u a l  i n c r e a s e  in the t h i c k n e s s  
of  the ca r b o n  f i l m  on the t a r g e t  s u r f a c e  which  r e s u l t e d  f r o m  lo n g e r  or  
s h o r t e r  p e r i o d s  of  b o m b a r d m e n t  d ep en d in g  on the ra te  of c o n t a m in a t io n .  
The f i r s t  type  o f  v a c u u m  s e a l  i n v e s t i g a t e d  w a s  a n e o p r e n e  O - r i n g ,  w h ich  
c ou ld  not be e m p l o y e d  without  a s o m e w h a t  m a s s i v e  f l a n g e .  The p r i m a r y  
d i f f i c u l ty ,  h o w e v e r ,  tu rn ed  out to  be i t s  t e n d e n c y  to  co n ta m in a te  the  
t a r g e t  s u r f a c e .  A c e r a m i c  c e m e n t  w a s  t r i e d  next ,  but it w ould  not a l lo w  
a v a c u u m  to be p u m p e d  in the  t a r g e t  t u b e .  A p p l ic a t io n  of  glyptol  t o  the  
outer  s u r f a c e  of  the  c e m e n t  v i t ia t e d  t h i s  d i f f i c u l ty ,  but it gave  r i s e  to  
r a p id  c o n t a m in a t io n .  A p l a s t i c  O - r i n g  w a s  in v e s t ig a te d ;  w h i le  it l ed  to  
no n o t i c e a b l e  c o n t a m in a t io n ,  the a r r a n g e m e n t  r e q u ir e d  to apply  adequate  
p r e s s u r e  for  v a c u u m  s e a l i n g  w a s  p r o h i b i t i v e l y  m a s s i v e .
F i n a l l y  i t  w a s  d e c id e d  to a t te m p t  m o u n t in g  the t a r g e t  d i r e c t l y  to  
the b e a m  tube by  m e a n s  of  a v in y l  c e m e n t  w ith  on ly  a thin m i c a  r ing  
i n t e r v e n in g  for i n s u l a t i o n .  T h i s  m e th o d  p r o v e d  to be quite  s a t i s f a c t o r y  
in a l l  t h r e e  r e s p e c t s  m e n t i o n e d  a b o v e .  In g e n e r a l ,  tw o  a p p l i c a t io n s  of  
the c e m e n t  w e r e  m a d e  (w ith  a c a m e l  h a ir  b rush);  a th in  co a t  and s e v e r a l
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h o u r s  l a t e r  a t h i c k e r  one w e r e  a p p l i e d .  T h e s e  a p p l i c a t i o n s  w e r e  m a d e  
to the o u t s id e  s u r f a c e s  w ith  th e  t a r g e t  h e ld  f i r m l y  a g a in s t  the end  of the  
tube  by  m e a n s  of tw o  ru b b e r  b a n d s  and a s i m p l e  j i g .  The  c e m e n t ,  
v i n y l i t e  p l a s t i c  d i s s o l v e d  in a c e t o n e ,  w a s  a l l o w e d  to  d ry  for  at l e a s t  two  
d a y s .
The tube on w h ic h  t a r g e t s  w e r e  m o u n te d  w a s  about 1 foot  lo n g  
and had an i n s i d e  d i a m e t e r  of  1 3 / 1 6  in c h .  T o  r e d u c e  n eu tro n  s c a t t e r i n g  
b y  the t u b i n g ,  the w a l l  w a s  tu rn e d  dow n  to  a t h i c k n e s s  of  0 . 0 1 0  in c h .
At t e m p e r a t u r e s  p e r h a p s  not far  a b o v e  4 0 °  C, a b s o r b e d  d e u t e r i u m  
e s c a p e s  f r o m  z i r c o n i u m  in a h igh  v a c u u m ;  h e n c e ,  s o m e  m e th o d  of c o o l in g  
the  t a r g e t  w a s  e s s e n t i a l .  T h i s  w a s  a c c o m p l i s h e d  with a ir  b l a s t s  d i r e c t e d  
on the p la t in u m  b a ck in g  and on the tube  d i r e c t l y  above  the t a r g e t .  {See  
f ig u r e  1 . )  The  a ir  j e t  fo r  th e  tube i s s u e s  f r o m  a s m a l l  h o le  in the s id e  of  
the n i c k e l  t u b in g .  S i n c e  h e a t in g  due to ion b o m b a r d m e n t  i 6 h ig h ly  l o c a l ­
i z e d ,  the t e m p e r a t u r e  o f  a s m a l l  a r e a  o f  the  t a r g e t  w i l l  r i s e  v e r y  r a p id ly  
a s  s o o n  a s  b o m b a r d m e n t  b e g i n s .  F o r  th is  r e a s o n  a s a f e t y  d e v i c e  w a s  
n e e d e d  to  i n s u r e  that  no  i o n s  w e r e  a c c e l e r a t e d  e v e n  for  a s h o r t  t i m e  b e f o r e  
the a ir  j e t s  w e r e  t u r n e d  o n .  T h i s  w a s  e f f e c t e d  by a s w i t c h  that  a l l o w e d  
s t a r t i n g  th e  V an  de G r a a f f  b e l t  m o t o r  o n ly  w h en  t h e r e  w a s  p r e s s u r e  in  
the a i r  l i n e .  T h e r e  w a s  no v a lv e  in  the l in e  b e t w e e n  the  p r e s s u r e  s w i t c h  
and the  o p e n i n g s  fo r  the a ir  j e t s .  T h i s  m e t h o d  of  t a r g e t  c o o l i n g  w a s  
a d e q u a te  at  an e n e r g y  of  0 . 9 0 0  M e v ,  an io n  c u r r e n t  of about  0 . 5  m i c r o ­
a m p e r e ,  and a b e a m  5 m i l l i m e t e r s  in  d i a m e t e r .  T h e  a ir  b l a s t s  w e r e
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p a r t ia l l y  r e s p o n s i b l e  for  the a b s e n c e  of t a r g e t  co n ta m in a t io n  by the  
v iny l  c e m e n t  b e c a u s e  of  the r e d u c e d  t e m p e r a t u r e  m a in t a in e d  in the  
l o w e r  p a r t  of the t a r g e t  tu b e .
C a lc u la te d  t a r g e t  t h i c k n e s s e s  at d i f f e r en t  d eu tero n  e n e r g i e s  
ra n g ed  f r o m  44 to 52 k e v  with  an u n c e r ta in ty  of  * 20%. The c a l c u l a ­
t io n s  w e r e  c a r r i e d  out w ith  the aid  o f  e x p e r i m e n t a l  proton  e n e r g y
21
l o s s  c u r v e s  a p p ea r in g  in a r e v i e w  a r t i c l e  by A l l i s o n  and W a r s h a w .
It w a s  a s s u m e d  that  the e n e r g y  l o s s  of p ro to n s  and d e u t e r o n s  with  
equal  v e l o c i t i e s  i s  the  s a m e .  A lthough no cu rv e  w a s  a v a i la b le  for  
z i r c o n i u m ,  a r e a s o n a b le  e x tr a p o la t io n  b e tw e en  c u r v e s  for  s i l v e r  and 
copper  cou ld  be m a d e .  E n e r g y  l o s s  con tr ibu ted  by the d e u t e r iu m  in 
the t a r g e t  w a s  a l s o  ta k en  into c o n s id e r a t i o n .  F r o m  t h e s e  t a r g e t  
t h i c k n e s s  c a l c u l a t i o n s  and f r o m  a k n o w led g e  of the a c c u r a c y  of the  
g e n e r a t in g  v o l t m e t e r  r e a d i n g s ,  e s t i m a t i o n s  w e r e  m a d e  o f  the u n c e r ­
ta in ty  in  the a v e r a g e  d e u te r o n  e n e r g y  in  the t a r g e t .  T h i s  u n ce r ta in ty  
ra n g e d  (about l in e a r ly )  f r o m  t  1. % at 0 . 9 0 0  M e v  to t  6 .0% at 0 .  100 
M e v .
N e u t r o n s  w e r e  d e t e c t e d  b y  m e a n s  of the  r e c o i l  p r o t o n s  t h e y  
21
S .  K .  A l l i s o n  and S .  D .  W a r s h a w ,  " P a s s a g e  of  H e a v y  
P a r t i c l e s  th ro u g h  M a t te r ,  " R e v i e w s  of  M o d e rn  P h y s i c s  25 ,  779  
(1 9 5 3 ) .
p r o d u c e d  in p l a s t i c  s c i n t i l l a t o r s .  The p r o t o n s  gave r i s e  to  l ight p u l s e s  
which w e r e  d e t e c t e d  by DuMont m o d e l  6292 p h o t o m u l t i p l i e r s  on w hich  
the s c i n t i l l a t o r s  w e r e  m o u n te d .  T r a n s p a r e n t  s i l i c o n e  g r e a s e  w a s  u se d  
to  m ount  the s c i n t i l l a t o r s  d i r e c t l y  on the f a c e s  of the p h o to m u l t ip l i e r  
t u b e s .  The  r e f e r e n c e  s c in t i l l a t o r  w a s  1 ,5  in c h e s  in d ia m e t e r  and 2 . 0  
c e n t i m e t e r s  t h ic k .  In o r d e r  to  i n c r e a s e  the angular  d ef in i t ion  o f  the  
r o ta ta b le  s c i n t i l l a t o r ,  p a r a l l e l  f a c e s  w e r e  m i l l e d  on it to r e d u c e  i ts  
width to  2 . 0  c e n t i m e t e r s .  It w a s  a l s o  2 . 0  c e n t i m e t e r s  th ic k .  The  
angular  d e f in i t io n  w a s  * 3 . 0 °  for  the counting d is ta n c e  at e n e r g i e s  
b e lo w  0 . 7 0 0  M e v  (8 in c h e s )  and * 4 . 0 °  at 0 , 7 0 0  Mev (6 in c h e s )  and  
h ig h er  e n e r g i e s .  A l l  s u r f a c e s  of the  p l a s t i c  w e r e  p o l i s h e d  to a m i r r o r  
f in i s h  with  s i l v e r  p o l i s h i n g  c r e a m .  C o v e r in g  for the s c i n t i l l a t o r s  
c o n s i s t e d  o f  tw o  t h i c k n e s s e s  of 0 . 0 0 1  in ch  th ick  a lu m in u m  foil ;  the  
e d g e s  o f  the  fo i l  w e r e  ta p ed  to  the p h o to m u l t ip l i e r  t u b e s .  T h is  fo i l  p r e ­
s e n te d  n e g l i g i b l e  s c a t t e r i n g  m a s s  to the  n e u tr o n s  e n t e r in g  the front  face  
of the s c i n t i l l a t o r .  Mu m e t a l  s l e e v e s  e n c a s e d  e a c h  phototube for  
m a g n e t i c  s h i e l d i n g .
S t a t i s t i c a l  e r r o r s  in count ing  w e r e  -  1% or l e s s  at  a l l  b o m b a r d ­
ing  e n e r g i e s  e x c e p t  0 . 1 0 0  M e v ,  w h e r e  the m a x i m u m  e r r o r  w a s  -  1 .5% .  
R uns  at v a r i o u s  e n e r g i e s  r a n g e d  f r o m  about 35 to  80 m in u t e s  l o n g .
B e c a u s e  of  the  v a r i a t io n  with  n eu tro n  e n e r g y  of the n e u t r o n -p r o t o n
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s c a t t e r i n g  c r o s s  s e c t i o n ,  i t  w a s  n e c e s s a r y  to adjust  the data for  
c h a n g e s  in e f f i c i e n c y  of  the s c in t i l l a t o r  a s  n eu tr o n s  e m i t t e d  at 
d i f fer e n t  a n g le s  w e r e  d e t e c t e d .  The e f f i c i e n c y  m a y  be e x p r e s s e d  as:
4^=\-t
K i s  the n u m b e r  o f  p r o t o n s  p e r  unit v o lu m e  of  the s c in t i l l a to r ;  Jl i s
i t s  t h i c k n e s s  ;<T(E) i s  the n - p  c r o s s  s e c t i o n .  The va lue  o f  K for  the  
22
p l a s t i c  u s e d  i s  0 . 0 5 3 6  p r o t o n s  per  c e n t i m e t e r - b a r n . N eu tro n
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e n e r g i e s  w e r e  taken  f r o m  F o w l e r  and B r o l l e y  for  a m a j o r i t y  of  the
a n g le s  of  e m i s s i o n  and c a l c u l a t e d  d i r e c t l y  for  t h o s e  not ta b u la ted  in
the r e v i e w  a r t i c l e .  The B r o o k h a v e n  n eutron  c r o s s  s e c t i o n  c o m p i l a -  
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tion w a s  the  s o u r c e  of n -p  c r o s s  s e c t io n  v a l u e s .  C a lcu la te d  
e f f i c i e n c i e s  ra n g e d  f r o m  1 8 . 2  to  2 8 .1 % .
F i g u r e  2 i s  a b lo c k  d ia g r a m  of the e l e c t r o n i c  s y s t e m .  Output  
p u l s e s  f r o m  the f ix e d  p h o to m u l t ip l i e r  w e r e  fed  into  a p r e a m p l i f i e r ,  an 
a m p l i f i e r ,  and f in a l ly  r e g i s t e r e d  by a s c a l e r .  The output of  the r o t a t ­
a b le  phototube p a s s e d  th rou gh  a s in g le  ch a n n e l  a n a ly z e r  in ad d it ion  to
N a t io n a l  R a d ia c  C o r p o r a t io n ,  S in t i l o n .
23
J .  L,. F o w l e r  and John E .  B r o l l e y ,  J r . ,  " M o n o e n e r g e t ic  
N e u tr o n  T e c h n i q u e s  in  th e  10 to  30 M e v  R a n g e ,  " R e v i e w s  of M o d ern  
P h y s i c s  28 ,  103 (1 9 5 6 ) .
24 D ona ld  J .  H u g h e s  and John A .  H a r v e y ,  N e u tr o n  C r o s s  
S e c t i o n s ,  Upton,  N ew  York;  A s s o c i a t e d  U n i v e r s i t i e s ,  I n c o r p o r a te d ,  
(1955) p . 56 .
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F ig u re  2 B lo ck  D ia g ra m  of E l e c t r o n i c s
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t h e s e  c o m p o n e n t s .  T h e  p u r p o s e  o f  the s i n g l e  c h a n n e l  a n a l y z e r  w i l l  
be e x p l a i n e d  l a t e r .  A  c u r r e n t  i n t e g r a t o r  w a s  u s e d  in m o n i t o r i n g  the  
y i e l d  f r o m  th e  r e a c t i o n .  S c a l e r s , t i m e r ,  and c u r r e n t  in t e g r a t o r  w e r e  
s e t  in  o p e r a t i o n  by  a s i n g l e  B w itch .  M a n u f a c t u r e r s  and m o d e l  n u m b e r s  
of  e a c h  e l e c t r o n i c  c o m p o n e n t  a r e  a s  fo l l o w s :  p r e a m p l i f i e r ,  O ak R id g e  
ty p e  bui l t  in t h i s  l a b o r a t o r y ;  r e f e r e n c e  c o u n te r  a m p l i f i e r ,  R a d ia t io n  
C ou n ter  L a b o r a t o r y  m o d e l  AID; r o t a t a b l e  c o u n te r  a m p l i f i e r ,  A t o m i c  
I n s t r u m e n t  m o d e l  2 0 4 - C ;  s i n g l e  c h a n n e l  a n a l y z e r ,  D e t e c t o l a b  m o d e l  
DZ 15;  O s c i l l o s c o p e ,  T e k t r o n i x  m o d e l  513 D; s c a l e r s ,  A t o m i c  I n s t r u ­
m e n t  m o d e l  1 0 1 - m ;  P o w e r  su p p ly ,  A t o m i c  I n s t r u m e n t  m o d e l  316; 
c u r r e n t  i n t e g r a t o r ,  b u i l t  at M a s s a c h u s e t t s  Ins t i tu te  of  T e c h n o lo g y ;  
t i m e r ,  P r e c i s i o n  S c i e n t i f i c ;  r e g i s t e r s ,  V e e d e r  R o o t .
S t a b i l i t y  and l i n e a r i t y  of  th e  e l e c t r o n i c s  w e r e  of e x t r e m e  
i m p o r t a n c e  in t h i s  e x p e r i m e n t .  T h e  v o l ta g e  s u p p l i e d  to  the p h o t o ­
m u l t i p l i e r s ,  about  1000 v o l t s ,  w a s  m o n i t o r e d  at a l l  t i m e s  by  m e a n s  
of  a  s e n s i t i v e  p o t e n t i o m e t e r  c i r c u i t  w h ic h  a l l o w e d  c h a n g e s  o f  0 .0 0 6 %  
t o  b e  o b s e r v e d .  L i n e a r i t y  o f  the  a m p l i f i e r s ,  p r e a m p l i f i e r s ,  an d  s in g le  
c h a n n e l  a n a l y s e r  w a s  c h e c k e d  w i t h  a  m e r c u r y  r e l a y  p u l s e  g e n e r a t o r .  
The l i n e a r i t y ,  g a in ,  and z e r o  p u l s e  h e ig h t  of  the c h a n n e l  w h ic h  r e c e i v e d  
p u l s e s  f r o m  th e  r o t a t a b l e  p h o to tu b e  w e r e  c h e c k e d  b e f o r e  e a c h  r u n .
Z e r o  p u l s e  h e ig h t  r e f e r s  to  th e  i n t e r c e p t  o f  a p lo t  o f  p u l s e  h e ig h t  v e r s u s
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p u l s e r  s e t t in g .  S m a l l  day to  day ch a n g es  in the z e r o  p u lse  height  w e r e
c o r r e c t e d  by adjust ing  the se t t ing  of a v o l ta g e  d iv id er  in the input c i r c u i t
of the p u l s e  he ight  a n a l y z e r .  In r e g a r d  to the s y s t e m  u se d  with the
rotatab le  s c in t i l l a t o r ,  it w a s  i m p e r a t i v e  that the o v e r a l l  gain be the s a m e
at the beginning of e a c h  run .  The com p to n  edge  due to the 660 k e v
137g a m m a - r a y  f r o m  C s  s e r v e d  as  a ca l ib ra t io n  point .  B e f o r e  e a c h  run,  
and a f te r w a r d s  a l s o  in  s o m e  c a s e s ,  d i f f e re n t ia l  b ias  c u r v e s  of  the p u l s e s  
due to the com pton  e l e c t r o n s  w e r e  o b ta in ed .  The p o s i t io n  of  the  
h a l f -h e ig h t  of the com pton  edge  w as  taken as  the p u lse  height  due to the  
g a m m a - r a y .  If th is  p u l se  he ight  d i f f er e d  f r o m  a p r e d e t e r m i n e d  s tandard  
v a lu e ,  the  vo l tage  on the phototube w a s  adjusted  to c o r r e c t  it; and another  
d i f fe re n t ia l  b ia s  c u r v e  w a s  taken to r e c h e c k  the p u lse  h e ig h t .  T h is  p r o ­
ced u re  w a s  cont inued  until  the c o r r e c t  p u lse  height  w as  obtained; in 
g e n e r a l ,  not m o r e  than two s in g le  channel  runs  w e r e  r e q u ir e d .  A  graph  
of p u l s e  he ight  v e r s u s  p h o to m u l t ip l i e r  v o l tage  s e r v e d  as  a guide for  
adjust ing  the g a in .  The p r i m a r y  ca u s e  of c h a n g es  in the gain  o f  the  
s y s t e m  w a s  v a r ia t io n  of the l igh t  output with t e m p e r a t u r e  of the s c i n ­
t i l la t in g  p l a s t i c .  T h is  v a r ia t io n  turned  out to  be c l o s e  to  l i n e a r ,  as  
d e t e r m in e d  by m e a n s  of  the 660 k e v  g a m m a - r a y ;  the a p p r o x im a te  
equat ion  i s  P u l s e  height  - - 1 . 7 4 t c +  3 4 6 .  tc  i s  the  cen t ig ra d e  t e m p e r a ­
t u re  m e a s u r e d  with  a t h e r m o m e t e r  l o c a t e d  n ea r  the s c i n t i l l a t o r .  F r o m
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the k n o w le d g e  o f  the  t e m p e r a t u r e  p r e v a i l i n g  du r in g  a p r e v i o u s  run and  
f r o m  the  p u l s e  h e ig h t  v e r s u s  t e m p e r a t u r e  g r a p h ,  th e  a p p r o x i m a t e  p u l s e  
h e ig h t  a d j u s t m e n t  co u ld  be d e t e r m i n e d .  A s  a  r e s u l t  o f  the  n o n - z e r o  
t e m p e r a t u r e  c o e f f i c i e n t  o f  the  p l a s t i c ,  it w a s  n e c e s s a r y  to m a in t a in  
the r o o m  t e m p e r a t u r e  a s  n e a r l y  c o n s ta n t  a s  p o s s i b l e .  T h i s  w a s  a c c o m ­
p l i s h e d  to  w i th in  t  0 . 7 5 *  c e n t i g r a d e  or  b e t t e r  by  s k i l l f u l  m a n ip u l a t i o n s  
of  th e  d o o r s ,  w i n d o w s ,  a t t i c  fan ,  and s e v e r a l  s t e a m  r a d i a t o r s .  A l l o w ­
ing for  thiB t e m p e r a t u r e  e f f e c t  th e  e l e c t r o n i c s  e x h ib i t e d  e x c e l l e n t  
s t a b i l i t y  o v e r  p e r i o d s  of s e v e r a l  d a y s .
T o  c h e c k  th e  e f f e c t i v e n e s s  o f  th e  m a g n e t i c  s h i e ld in g  of  the  
r o t a ta b le  p h o to tu b e ,  a d i f f e r e n t i a l  b i a s  c u r v e  of  the C s  g a m m a - r a y  w a s  
o b ta in e d  w ith  th e  tube at s e v e r a l  a n g l e s  b e t w e e n  0 “ and 1 6 5 * .  No s i g n i ­
f ic a n t  s h i f t  in  the  p o s i t i o n  of  th e  c o m p to n  e d g e  w a s  o b s e r v e d .
C ou n t in g  n e u t r o n s  b y  m e a n s  of  a p l a s t i c  s c i n t i l l a t o r  r e q u i r e s  
d e t e c t i o n  of  p r o to n  r e c o i l s  o f  a l l  e n e r g i e s  f r o m  z e r o  to  the n e u tr o n  
e n e r g y .  Due t o  e v e r  p r e s e n t  n o i s e  n e a r  z e r o  p u l s e  h e ig h t ,  it  i s  i m p o s s ­
i b l e  to  d e t e r m i n e  the  n u m b e r  of  r e c o i l s  by  m e r e l y  Bett ing a n  i n t e g r a l  
b i a s  at  z e r o  and  d e t e c t i n g  th e  t o ta l  n u m b e r  o f  p u l s e s  r e c e i v e d .  In t h i s  
w o r k  th e  output o f  the  m o v a b l e  p h o t o m u l t i p l i e r  w a s  f e d  in to  a  s i n g l e  
c h a n n e l  a n a l y z e r  w h o s e  i n t e g r a l  b i a s  w a s  s e t  to  a c c e p t  o n ly  p u l s e s  
w h o s e  h e i g h t s  w e r e  g r e a t e r  than  h a l f  th e  h e ig h t  of  t h o s e  f r o m  fu l l  e n e r g y
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r e c o i l s .  T h i s  b i a s  w a s ,  of  c o u r s e ,  d i f f e r e n t  f o r  e a c h  a n g le  at w hich  
data w e r e  t a k e n .  The ra t io  of  t h e s e  c o u n ts  to  t h o s e  in the r e f e r e n c e  
c o u n ter  w a s  obta ined  at e a c h  a n g l e .  The  d i s c r i m i n a t o r  o f  the  90*  
a m p l i f i e r  w a s  s e t  to  a c c e p t  p u l s e s  w h o s e  h e ig h t s  w e r e  g r e a t e r  than  
about 3 / 5  the h e ig h t  of  t h o s e  due to  full  e n e r g y  r e c o i l s  r e s u l t i n g  f r o m  
90* n e u t r o n s .  E a c h  r a t io  w a s  m u l t i p l i e d  by a fa c to r  o b ta in e d  f r o m  the  
p ro to n  p u l s e  h e ig h t  r e s p o n s e  of  the  s c in t i l l a t o r  in o r d e r  to in c lu d e  
r e c o i l  p r o to n  p u l s e s  r e j e c t e d  by the p u l se  h e ig h t  a n a l y z e r .  To  obta in  
th i s  fa c to r  i t  w a s  a s s u m e d  that  e q u a l  r e c o i l  e n e r g y  i n t e r v a l s  conta in  
equal  n u m b e r s  of  p ro to n  r e c o i l s .  T h is  a s s u m p t i o n  f o l l o w s  f r o m  the  
f a c t  that  the  n - p  s c a t t e r i n g  c r o s s  s e c t i o n  i s  v e r y  n e a r l y  i s o t r o p i c  in  
the c e n t e r - o f - m a s  s s y s t e m  at the n e u tro n  e n e r g i e s  e n c o u n t e r e d  h e r e  
(0 to  4 . 0  M e v ) .  The e f f e c t  of  m u lt ip l e  s c a t t e r i n g  o f  the  n e u t r o n s  w a s  
a s s u m e d  to  be n e g l i g i b l e .  The  e n e r g y  in te r v a l  c o r r e s p o n d in g  to  the  
ra n g e  o f  p u l s e  h e ig h t s  a c c e p t e d  b y  the p u l se  he ight  a n a l y z e r  w a s  o b ­
t a in e d  f r o m  the r e s p o n s e  c u r v e  o f  the s c i n t i l l a t o r .  The fa c to r  by  w h ich  
e a c h  r a t io  w a s  m u l t i p l i e d  w a s  the to ta l  r e c o i l  e n e r g y  ra n g e  at the  
p a r t i c u l a r  a n g le  ( en er g y )  in q u e s t i o n ,  d iv id ed  by  the e n e r g y  ra n g e  
a c c e p t e d  by  the s in g l e  channel  a n a l y z e r .  A d i f f e r e n t  fa c to r  r e s u l t e d  
for  e a c h  n e u tr o n  e n e r g y .
T h e  p u l s e  h e ig h t  r e s p o n s e  o f  th e  s c i n t i l l a t o r  for  p r o t o n s  above
about 1,75 Mev energy  was determ ined  from  end points of reco il
d is tribu tions of n e u tr o n  with energ ies of 1.75 to  4 ,0  M ev, These
distribu tions w ere obtained with the single channel analyzer and for
n eutrons of the req u ired  energy  from  the d-d  reac tion  observed  at
suitable ang les, A typ ical reco il d istribu tion  ap p ears in figure 3,
It was found th a t the m easu red  pulse height response  is in v ery  good
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agreem en t with that published for stilbene by Fow ler and Roos after 
the two cu rves w ere n o rm alized  at 3 ,9  M ev, F ig u re  4 shows the 
stilbene resp o n se  (line) and the m easu red  response (points), The 
region of the stilbene curve below 1,75 Mev was used as the e x tra ­
polation in  the p resen t w ork, In obtaining the factor d iscussed  in the 
prev ious p arag rap h , the only p a rt of the stilbene curve req u ired  is 
the segm ent betw een 1.12 and 1,75 M ev, Sm all delib era te  a lte ra tions 
of the shape of the low er energy  region of the response  curve resu lted , 
fo r re c o ils  from  d-d  neu trons, in very  no ticeable ap paren t a sy m m etries  
about 9 0 ' in the c e n te r-o f-m a ss  sy stem , Identity of the reac ting  p a r ­
tic le s  re q u ire s  sym m etry  about 9 0 ’ in th is  co -o rd ina te  sy stem , A chieve­
m ent of th is  sym m etry  w ith the u n a lte red  cu rve, th e re fo re , gave confi­
dence in the stilbene ex trapola tion  to  low er e n e rg ie s ,
25J ,  M , F o w ler and C, E . R oos, "R esponse of A nthracene 
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F ig u r e  4 P u l s e  Height R e s p o n s e  of Sc int i l la tor
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The r e a s o n  for  e m p lo y i n g  a r e f e r e n c e  co u n ter  and obtain ing  
r a t io s  o f  counts  w a s  to  e l i m i n a t e  the n e e d  for  d e t e r m i n i n g  two i m ­
p ortan t  q u a n t i t i e s .  T h e s e  are:  a c c u r a t e  m e a s u r e m e n t s  of ch a rg e  
r e c e i v e d  by the t a r g e t  f r o m  ion  b o m b a r d m e n t  and a c c u r a t e  d e t e r ­
m in a t i o n s  of  the n u m b e r  o f  t a r g e t  n u c le i  p e r  unit a r e a .  The la t t e r  
of  t h e s e  e s s e n t i a l l y  r e q u i r e s  a g a s  t a r g e t .
I n v e s t ig a t io n  of g e n e r a l  n e u tr o n  b a ck g ro u n d  c o n s i s t e d ,  in p a r t ,  
of d e t e r m i n i n g  the a n gu lar  d i s t r ib u t io n  of the d - d  n e u tr o n s  at two  
w id e ly  d i f f e r e n t  counting d i s t a n c e s  (6 and 12 i n c h e s ) .  T h i s  w a s  done  
at a l l  e n e r g i e s  above  0 . 6 0 0  M e v .  G e n e r a l  r o o m  b a ck grou n d  h a s  the  
e f f e c t  of  r e d u c in g  the a p p a re n t  a s y m m e t r y ;  t h e r e f o r e ,  a l o w e r  
a s y m m e t r y  r e s u l t s  at the  g r e a t e r  counting  d i s t a n c e  i f  th i s  type  of  
b a ck g ro u n d  i s  p r e s e n t .  No s ig n i f i c a n t  r e d u c t io n  of  th i s  s o r t  w a s  
o b s e r v e d .  A n o th e r  b a c k g r o u n d  c h e c k  c o n s i s t e d  of  b o m b a r d in g  a b lank  
t a r g e t  and count ing  n e u t r o n s  at  v a r i o u s  p l a c e s  a lon g  the b e a m  tu b e .
The p a r a f f in  annuli  about  the b e a m  tube ( s e e  f ig u r e  1) w e r e  of  s o m e  
v a lu e  in r e d u c in g  n eu tro n  b a c k g r o u n d .  T h e s e  i n v e s t i g a t i o n s  o f  g e n e r a l  
n e u tr o n  b a c k g r o u n d  l e d  to  no s ig n i f i c a n t  gro u n d s  for  app ly ing  c o r r e c ­
t io n s ;  h e n c e ,  none w e r e  m a d e .
C a r b o n  c o n ta m in a t io n  o f  the  t a r g e t  s u r f a c e  g a v e  r i s e  to  
g a m m a - r a y  and n eu tr o n  b a ck g ro u n d  f r o m  C *^ (d ,p )C *^  and C ^ ( d , n ) N
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13%a b o v e  0 . 6 0 0  M e v  b o m b a r d i n g  e n e r g y .  G a m m a s  e m i t t e d  b y  C h a v e  
about  3 .  1 M e v  e n e r g y .  C o r r e c t i o n s  for  t h e s e  w e r e  d e t e r m i n e d  by  
c o u n t in g  a know n f r a c t i o n  at e a c h  a n g l e  w i th  th e  i n t e g r a l  b i a s  s e t  h igh  
e n o u g h  to  e l i m i n a t e  a l l  r e c o i l  p r o t o n  p u l s e s .  The  f r a c t i o n  d e t e c t e d  
w a s  d e t e r m i n e d  f r o m  t h e  d i f f e r e n t i a l  b i a s  c u r v e  s h o w n  in f i g u r e  5 .
T h i s  c u r v e  w a s  o b t a in e d  f r o m  th e  b o m b a r d m e n t  o f  a Z r - D  t a r g e t  w h i c h  
h ad  a th in  f i l m  o f  c a r b o n  on i t s  s u r f a c e  due to  p r e v i o u s  b o m b a r d i n g .
T h e  p u l s e  h e i g h t  s c a l e  n o r m a l l y  u s e d  for  n e u t r o n  co u n t in g  w a s  e x p a n d ­
e d  by a f a c t o r  o f  t w o  in t a k in g  th e  d a ta  fo r  t h i s  c u r v e  . C o u n t s  b e l o w  
a p u l s e  h e ig h t  o f  about  2 5 0  a r e  due to  n o i s e  and  r e c o i l  p r o t o n s ;  th e  
l o w e r  c u r v e  w a s  t a k e n  a s  the  g a m m a - r a y  d i s t r i b u t i o n  b e l o w  2 5 0 .  In 
d e t e c t i n g  a f r a c t i o n  o f  t h e s e  g a m m a s  d u r in g  a r e g u l a r  run ,  the  b i a s  
u s e d  c o r r e s p o n d e d  to  500 on the d i f f e r e n t i a l  c u r v e .  T h e  p u l s e  d i s c r i m ­
i n a t io n  l e v e l  w a s  a l w a y s  a d e q u a t e l y  h ig h  to  e l i m i n a t e  c o u n t in g  o f  th e  lo w
12 13
e n e r g y  n e u t r o n s  f r o m  C (d,  n)N  . H o w e v e r ,  a n n i h i la t i o n  r a d i a t i o n
13 13 13 ¥
r e s u l t e d  f r o m  th e  p o s i t r o n s  e m i t t e d  b y  N , i . e .  N  C p  * T h e
e x t e n t  o f  t h e s e  0 . 5 1 1  M e v  g a m m a s  w a s  d e t e r m i n e d  by  c o u n t in g  at o n e  s i n g l e  
c h a n n e l  a n a l y z e r  s e t t i n g  i m m e d i a t e l y  a f t e r  the m a c h i n e  w a s  t u r n e d  off  at  
t h e  en d  o f  e a c h  r u n .  A n  a p p r o p r i a t e  p o r t i o n  o f  t h o s e  c o u n t e d  w a s  
s u b t r a c t e d  at  e a c h  a n g l e  at  w h i c h  d a ta  w e r e  ta k e n ;  th e  p o r t i o n  w a s  d e t e r ­
m i n e d  f r o m  N* d e c a y  c u r v e s  p r e v i o u s l y  o b t a in e d  at  s e v e r a l  a n a l y z e r  
b i a s  v a l u e s .  In g e n e r a l ,  th e  3 .  1 M e v  b a c k g r o u n d  w a s  th e  g r e a t e r  o f  th e  
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tw o  m e t h o d s  w a s  l e s s  than  8 %; it w a s  c o n s i d e r a b l y  l e s s  in m o s t  i n s t a n c e s .
In o r d e r  to  r e a c h  th e  s c i n t i l l a t o r ,  n e u t r o n s  e m i t t e d  f r o m  the  
t a r g e t  at 9 0 °  h a d  t o  t r a v e r s e  a g r e a t  t h i c k n e s s  o f  t a r g e t  b a c k in g  m a t e r i a l .  
F o r  t h i s  r e a s o n  m a n y  w e r e  s c a t t e r e d  out and h e n c e  not  d e t e c t e d .  T h e  
p r e s e n c e  o f  t h i s  p r o c e s s  w a s  i n d i c a t e d  by the f a c t  th a t  e a c h  9 0 °  d a tu m  
w a s  t o o  s m a l l  to  c o n f o r m  w i t h  t h o s e  at n e i g h b o r i n g  a n g l e s .  T h e r e f o r e ,  
in  the  a n a l y s i s  a l l  9 0 ° d a ta  w e r e  o m i t t e d .
C H A P T E R  HI 
A N A L Y S IS  O F  D A T A
The data  o b t a in e d  in the  m a n n e r  d e s c r i b e d  in C h a p te r  II w e r e  
t r a n s f o r m e d  f r o m  l a b o r a t o r y  to  c e n t e r - o f - m a s s  c o - o r d i n a t e s .  T h i s  
e n t a i l e d  t r a n s f o r m a t i o n  of  l a b o r a t o r y  a n g l e s  and m u l t i p l i c a t i o n  of e a c h  
d a tu m  by  a f a c t o r ,  G,  to  ch a n g e  the s c i n t i l l a t o r  s o l i d  a n g le  f r o m  one  
s y s t e m  to  the  o t h e r .
Sin  (O' -  0) -  V_SinO  ̂ G .  Sin^P C o s ( 0 '  -  0)
v Sin^Q'
0 and ©' a r e  l a b o r a t o r y  and c e n t e r - o f - m a s s  a n g l e s ,  r e s p e c t i v e  l y .  V i s
the v e l o c i t y  of  the  c e n t e r - o f - m a s s ,  and v  i s  the v e l o c i t y  of the e m e r g i n g
n e u tro n  r e l a t i v e  to  th e  c e n t e r - o f - m a s s .  The  t r a n s f o r m i n g  of the  data
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w a s  g r e a t l y  s i m p l i f i e d  and s h o r t e n e d  by the a id  of  a ta b le  of  v a l u e s  
of  G and the c o r r e s p o n d i n g  c e n t e r - o f - m a s s  a n g l e s .
A f te r  m a k in g  t h e s e  a d j u s t m e n t s  of  the  d a ta ,  e l e v e n  v a l u e s  of  
r e l a t i v e  c e n t e r - o f - m a s s  y i e l d s  c o r r e s p o n d i n g  to  e l e v e n  a n g l e s  of  
n e u tr o n  e m m i s s i o n  w e r e  a v a i l a b l e  at n in e  d e u t e r o n  e n e r g i e s .  T h e s e  
e n e r g i e s  a r e  0 . 1 0 0 ,  0 . 2 0 0 ,  0 . 3 0 0 ,  0 . 3 8 3 ,  0 . 5 0 0 ,  0 . 6 0 0 ,  0 . 7 0 0 ,  0 . 8 0 0 ,  
and 0 . 9 0 0  M e v ,  and  r e f e r  to  a v e r a g e  d e u t e r o n  e n e r g i e s  in  the  t a r g e t .
^ J erry  B. Marion and Arthur S. Ginzbarg, Tables for the 
Transformation of Angular Distribution Data frorn the Laboratory 




The y i e l d s  at  e a c h  e n e r g y  w e r e  n o r m a l i z e d  to  u n i ty  at  0 0, and t h e y  
w i l l  be d e s i g n a t e d  by y ( Q  ') .  The a n g u la r  d i s t r i b u t i o n  can be e x p r e s s e d  
in the  fo r m :
y(O’) .  y ( 9 0 ° ) ( l  ■+■ A  c o s 2 ®’ 4- B c o s 4 ®')
A  and B a r e  the e n e r g y  d e p e n d en t  a s y m m e t r y  c o e f f i c i e n t s .  T h i s  m a y  
th en  b e  e x p r e s s e d  as :
2 2 
y  :  a j *  a 2x ♦  x r c o s  O' y -  y(O')
a . ,  a , and a a re  c o n s t a n t s .  T h i s  i s  the e x p r e s s i o n  of the data  to  
1 2 3
w h ic h  a l e a s t  s q u a r e s  a n a l y s i s  w a s  a p p l i e d .  N o t e r m s  h ig h e r  than
4 4c o s  O' w e r e  r e q u i r e d ,  a s  w a s  e x p e c t e d  f r o m  e a r l i e r  w o r k .  The p r i n ­
c ip le  o f  l e a s t  s q u a r e s  a s s e r t s  that  the b e s t  r e p r e s e n t a t i v e  c u r v e  of  a 
s e t  o f  data  i s  tha t  for  w h ic h  th e  s u m  of  the s q u a r e s  of  the r e s i d u a l s  i s  
a m i n i m u m .  T h i s  i 6 ju s t  th e  a s s u m p t i o n  that the  r e s i d u a l s  fo l lo w  the  
G a u s s i o n  la w  o f  e r r o r s .  T h e  l e a s t  s q u a r e s  m e th o d  r e q u i r e s  no c h o i c e  
of  p a r a m e t e r s  or c o n s t a n t s  by th e  i n v e s t i g a t o r .  F o r  the s e t  of  n v a l u e s
of y ,  y^ 's ,  and x ,  x^'s ,  c o r r e s p o n d i n g  to  e a c h  a v e r a g e  d e u t e r o n  e n e r g y ,
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the l e a s t  s q u a r e s  m e t h o d  w a s  e m p l o y e d  to  d e t e r m i n e  the " m o s t  
probable '*  v a l u e s  o f  the  c o n s t a n t s  a^,  a^» and a~ . T h i s  i n v o l v e d  s u b ­
s t i tu t in g  in  the  f o l l o w i n g  e q u a t io n s  the  a p p r o p r i a t e  s u m m a t i o n s
27 Ivan S .  S o k o ln ik o f f  and  E l i z a b e t h  S .  S o k o ln ik o f f ,  H ig h e r  
M a t h e m a t i c s  fo r  E n g i n e e r s  an d  P h y s i c i s t s , S e c o n d  E d i t i o n .  N e w  York:  
M c G r a w - H i l l  B o o k  C o m p a n y ,  (1941)  p .  5 3 6 .
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f r o m  th e  data  and  s o l v i n g  th e  e q u a t i o n s  s i m u l t a n e o u s l y  fo r  the  a ' s ,
4 a l +  <1, * i )a2 +  ( | , x i2)a3 = £ yi 
( £ , x i )a l +  < ^ xi 2)a2 +  3)a3 = | V i
( 5  x i 2 >a i +  (  j ? . x i 3 ) a 2 +  x  4 ) a 3  :  i ^ , x  2 y iU i  1 1 •** 1 £  l «  I 3  r» i  l  1
T h e s e  a r e  c a l l e d  th e  n o r m a l  e q u a t i o n s .  A n  e x a m p l e  o f  y ( 0 1) v e r s u s
c o s ^ O 1 w i t h  i t s  l e a s t  s q u a r e s  f i t  a p p e a r s  in  f i g u r e  6 .
P r o b a b l e  e r r o r s  in a , a , and  a w e r e  c a l c u l a t e d  f r o m  the
1 2 3
l e a s t  s q u a r e s  t r e a t m e n t  in the  f o l l o w i n g  m a n n e r .  R e s i d u a l s ,  R . ,  w e r e  
o b t a in e d  for  e a c h  v a l u e  of y(O') at  a g i v e n  b o m b a r d i n g  e n e r g y ;  the  v a l u e s  
of  th e  a ' s  h a v in g  b e e n  p r e v i o u s l y  c o m p u t e d .
2
R i = a l  a 2x i +  a 3Xi " y i
A  q u a n t i t y  r w a s  th e n  e v a l u a t e d ,   ̂ ^
r -  0 . 6 7 4 5 ( A . b ) '\  n - m  /
n i s  th e  n u m b e r  of  y  's a s  n o t e d  p r e v i o u s l y ,  a u m  i s  the n u m b e r  of
i
c o n s t a n t s  ( a ' s )  d e t e r m i n e d ,  m  s 3 in  t h i s  c a s e .  T h e  p r o b a b l e  e r r o r s  
a p p l i c a b l e  to  a j ,  a^> and a^ a r e  r e s p e c t i v e l y  r^ ,  r^* and r-j. 
r,< r ro a  £-— ■ r_ -
Xi2 j (<§, xi4j " < i xi 3> xi 4)Cj8,i) - ( j t  ^ i 2 ) 2i* ' {••  1 i* i 1 |» i  1 «*' |7 i  l
P<
< £ l ) ( i x Z) -  ( l x . ) '




















Y (e V o284+ 0.390C0S2e + 0.330 COS4 ©
0.4
0.2
0.30 0.2 04O.i 0.5 07 0.806 09 I 0
cos2©' 2
F i g u r e  6 E x a m p l e  o f  A n g u la r  D i s t r i b u t i o n  in th e  F o r m  y(O') v e r s u s  c o s  O'
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D i s  th e  d e t e r m i n a n t  o f  the c o e f f i c i e n t s  o f  the  n o r m a l  e q u a t i o n s .  T h i s
t r e a t m e n t  o f  p r o b a b l e  e r r o r s  in q u a n t i t i e s  d e r i v e d  f r o m  a l e a s t  s q u a r e s
28
fit  a p p e a r s  in  a b o o k  b y  D a v id  B r u n t .
F r o m  t h e s e  p r o b a b l e  e r r o r s  in  a , a , and a , it w a s  r e q u i r e d
1 2  3
to  f ind  p r o b a b l e  e r r o r s  in A and B .
A -  a 2 B -  a 3
a l al
T h e  p r o b a b l e  e r r o r ,  r , in  a f u n c t io n ,  f ,  o f  tw o  q u a n t i t i e s  M  and ^  , w h o s e
28
p r o b a b l e  e r r o r s  a r e  r j and r^ r e s p e c t i v e l y  i s  g i v e n  by:
2 2 2 2 iu
r  -  (dl r l +  d2 r2 1
d, d i  9 t
9 *  2 a t
E r r o r s  a p p l i e d  to  A  and 13 in th e  f o l l o w i n g  c h a p t e r  a r e  s ta n d a r d  d e v i a t i o n s ,  
O' , o b t a in e d  f r o m  the  p r o b a b l e  e r r o r s .
(T ■ P»
0 . 6 7 4 5
In the  t r e a t m e n t  o f  e r r o r s  in  q u a n t i t i e s  o b t a in e d  f r o m  a l e a s t  s q u a r e s
a n a l y s i s ,  o n e  or  t w o  m o d e r a t e l y  l a r g e  r e s i d u a l s  out o f  about  t w e l v e
g i v e  r i s e  to  a s i z a b l e  p r o b a b l e  e r r o r .  F o r  t h i s  r e a s o n  i t  i s  f e l t  that
the errors attached to the asymmetry coefficients are maximal.
2 4In addition to the (1 4* A cos O’ + B cos O') representation, the
28David Brunt, The Combination of Observations, Second 
Edition. London: Cambridge University P ress, (1931) p. 48, 75-107.
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data  w e r e  a l s o  e x p r e s s e d  in  t e r m s  o f  L e g e n d r e  p o l y n o m i a l s .
y (9 ')  = A  P  +  A 9 P  +  A  . P-  o o 2 2 4 4
T h e  L e g e n d r e  p o l y n o m i a l s ,  P  , P  , and  P ^ ,  a r e  t h o s e  u s e d  in P a u l i n g  
29
and W il  s o n .  S u b s t i tu t io n  of  t h e s e  f u n c t i o n s  g i v e s :
y(O') = A o (2)'* + A  (10)Vv( 3 c o s 2 0'  - 1)
2 4
A  9 (2 ) , *‘ /  35 c o s 4 ©1 -  l O c o s 2 ©1 +  1 1 
+  16 I 3
A s  s e e n  e a r i i e r  y(O') m a y  a l s o  be e x p r e s s e d  as:
2 4y(O') -  a ,  +  a c o s  O' a c o s  9'
J 1 2 3
T hus:
2 _, 4 —
a a c o s  9 '  +  a c o s  9 ' “
1 2  3
A J 2 ) V*~ A  (_ 1 0 j^ 3 co s2 9'  -  1) A ,  9 ( 2 ^ 6 5  c o b 4 Q '  -  1 0 c o s 29 '  + l )  
° 2  +  2 4 16 \ T
T h e  c o n s t a n t s  a j ,  a _ , an d  a w e r e  c o m p u t e d  e a r l i e r ,  and A  , A , and A
2 3 o 2 4
w e r e  o b t a in e d  by  s tr iv ing s i m u l t a n e o u s l y  th e  t h r e e  e q u a t io n s  r e s u l t i n g
f r o m  s u b s t i t u t i o n  of  t h r e e  a r b i t r a r y  v a l u e s  o f  c o s 0 ' in th e  a b o v e  e x p r e s s i o n .
It w a s  d e s i r e d  to c o m p a r e  t h e s e  L e g e n d r e  p o l y n o m i a l  c o e f f i c i e n t s  w i t h
4
t h o s e  d e t e r m i n e d  in  a n  e x p e r i m e n t  in w h ic h  th e  a n g u la r  d i s t r i b u t i o n  w a s  
e x p r e s s e d  in  t e r m s  o f  a b s o l u t e  c r o s s  s e c t i o n s .
29
Linus Pauling and E. Bright Wilson, Introduction to Quantum 
Mechanics, New York: McGraw-Hill Book Company, (1935) p. 134.
I
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dO~ (Q') -  d f  ( 9 0 ° )  (1 +  A  c o s 2©' +  B  c o s  O’)
d XI d  XI
o r  d<T (0 ° )  _ dO" (90 *) ( 1 - t - A + B )
d XL _ d X l
T h e  y(O') o f  th e  p r e s e n t  w o r k  a r e  n o r m a l i z e d  to  u n i ty  at 0 “; h e n c e ,
A ^ ,  A ot and A  w e r e  m u l t i p l i e d  by  dO’ (0 °) to  m a k e  t h e m  v a l i d  in
d A
t e r m s  o f  a b s o l u t e  c r o s s  s e c t i o n .  T h e s e  c o e f f i c i e n t s  a d j u s t e d  in  
t h i s  m a n n e r  a r e  d e s i g n a t e d  b y  (A ^)^ ,  ^ 2^n’ an(* ^ 4 ) * T h e  e x p e r ­
i m e n t a l  v a l u e s  o f  d a  (90  *) r e q u i r e d  t o  c o m p u t e  d a  (0 °) w e r e  t a k e n
_ d A  n  d XV
f v o m  C h a g n o n  a n d  Ower^ an d  v a l u e s  o f  A  a n d  B d e t e r m i n e d  in  th e
p r e s e n t  i n v e s t i g a t i o n  w e r e  u t i l i z e d .
C H A P T E R  IV 
R E S U L T S
The c e n t e r - o f - m a s s  angular  d i s t r ib u t io n s  in  the f o r m  y (0 1) 
v e r s u s  O' with th e ir  l e a s t  s q u a r e s  f i t s  a r e  d i s p la y e d  in f ig u r e  7.
O r d in a te s  have  e a c h  b e en  d i s p l a c e d  one unit to p r e v e n t  o v e r la p p in g .
The v a lu e s  of  y { 0 t) a re  l i s t e d  in ta b le  I.
T a b le  II c o n ta in s  v a l u e s  of  A ,  B ,  (A T B ) t (A ) , ( A , )  ,
o n  n
(A^)^, and a^i o b ta in ed  in the m a n n e r  o u t l in ed  in the p r e c e d i n g  c h a p t e r .  
V a r ia t io n  of  the a s y m m e t r y  c o e f f i c i e n t s ,  A and B ,  with in c id e n t  d e u te r o n  
e n e r g y  i s  show n in f ig u r e  8 a long with  the r e s u l t s  r e p o r t e d  in r e f e r e n c e s  
10 and 11.  The c u r v e s  are  draw n  to fit  the data of  the p r e s e n t  e x p e r i ­
m e n t .  It i s  o b s e r v e d  that the range  of v a lu e s  of A  and B r e p o r t e d  f r o m  
d i f fe r en t  l a b o r a t o r i e s  i s  l a r g e  at s e v e r a l  e n e r g i e s .  The p r e s e n t  data  
show s m o o th  e n e r g y  v a r ia t io n  of the a s y m m e t r y  c o e f f i c i e n t s .
(A ■+* B) a s  a funct ion  of  b o m b a r d in g  e n e r g y  i s  d e p ic te d  in f ig u re  9 .
9
Data f r o m  two o ther  r e p o r t s  have b ee n  in c lu d e d ,  * and a ga in  the c u r v e
r e p r e s e n t s  the p r e s e n t  r e s u l t s .  A  i s  p lo t te d  in the c a s e  of  B a r t h o l d s o n ' s
Zdata ,  s in c e  a (1 +  A c o s  ©') a n a l y s i s  w a s  u s e d .  T h i s  (A -+■ B) r e p r e s e n t a ­
t ion  t en d s  to  s m o o t h  out d i f f e r e n c e s  in the in d iv idu a l  v a l u e s  of  A and B ,  
r e s u l t i n g  in a m o r e  s m o o t h l y  v a r y in g  funct ion  w ith  e n e r g y .  In r e g a r d  
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F i g u r e  7 C e n t e r - o f - m a s s  A n g u l a r  D i s t r i b u t i o n s
TA BLE I
Center-of-- m a s s  Angular Distr ibution Data
0. lOOMev 0 . 2 0 0  Mev 0 .3 0 0  Mev 0 .3 8 3  Mev
O’ y(O') O' y(0 7 0 r y(©') G1 y(©’)
0 . 0 0 1 . 00 0 . 0 0 1 . 00 0 . 0 0 1.00 0 . 0 0 1.00
16 . 0 0 . 9 8 4 16 .5 0 .9 4 0 16 .8 0 .9 0 2 17.1 0 .9 2 7
3 2 .0 0 .9 0 0 3 2 .9 0 .8 1 1 3 3 .4 0 .7 7 6 34 .0 0 .7 8 8
4 7 .8 0 .7 8 6 4 9 .0 0 .6 9 3 4 9 .9 0 .6 0 6 50 .6 0 .5 8 4
6 3 .5 0 .6 9 4 6 5 .0 0 .5 6 0 6 6 . 0 0 .4 8 9 6b , 9 0 .4 3 9
7 8 .9 0 .6 5 1 8 0 .5 0 .5 0 2 8 1 .7 0 .4 1 0 8 2 .7 0 .3 4 6
109 0 .7 1 2 110 0 .5 5 2 112 0 . 4 7 4 113 0 .4 2 5
123 0 .7 6 6 125 0 .6 4 6 126 0 . 5 7 4 127 0 .5 4 9
138 0 . 8 8 6 139 0 .7 7 8 140 0 .7 0 2 141 0 .6 6 9
152 1 . 02 153 0 .8 9 7 153 0 .8 5 5 154 0 .8 3 5
166 1.11 166 1.01 167 0 .9 4 7 167 0 .9 3 3
0. 500 Mev 0 .6 0 0  Mev 0 .7 0 0 Mev 0 .8 0 0  Mev 0 .9 0 0  Mev
O' y(0 ') O' y ( Q' ) O' y(G’) ©’ y (9 ’> O’ y(0 >)
0 . 0 0 1.00 0 . 0 0 1.00 0 . 0 0 1.00 0 . 0 0 1.00 0 . 0 0 1.00
17 .3 0 . 9 2 6 1 7 .4 0 .8 9 5 17 .7 0 . 90 1 17 .8 0 .8 8 7 18.0 0 .9 4 3
3 4 .4 0 .7 3 5 3 4 .8 0 .7 1 6 3 5 .2 0 . 66 6 3 5 .4 0 .6 2 8 3 5 .7 0 .6 9 5
51 .3 0 .5 3 5 51 .8 0 .5 3 6 52 .3 0 .4 7 8 5 2 .7 0 .4 2 8 5 3 .1 0 .4 3 3
6 7 . 7 0 .3 8 3 6 8 . 2 0 .3 6 5 6 9 .0 0 .3 4 3 6 9 .5 0 .3 2 0 7 0 .0 0 .3 2 3
8 3 .5 0 .3 2 1 8 4 .2 0 .2 9 7 8 5 .0 0 .2 9 4 8 5 .7 0 .2 6 7 8 6 . 2 0 .2 9 2
114 0 .3 8 7 114 0 .3 6 3 115 a. 374 116 0 .3 6 3 116 0 .3 5 5
128 0 .5 1 1 128 0 .4 7 8 129 0 .47  6 129 0 .4 6 2 130 0 .5 0 0
141 0 . 6 2 6 142 0 .6 3 0 142 0 .6 4 9 143 0 .6 2 8 143 0 .6 7 1
154 0 .7 8 9 155 0 .8 1 2 155 0 .8 4 5 155 0 .8 1 1 156 0 .9 0 9
167 0 .8 9 8 167 0 . 9 2 4 168 0 .9 8 5 168 1.01 168 1.10
TA BLE II
A s y m m e t r y  Coeff ic ient s  and Lege nd re  Po lynomia l  Coeff ic ients
E d
Mev
A B (A +  B) (A )o n
2cm
(A )2 n 
2cm
( A J4 n 
2
cm







0 .200 0 . 9 9 4  - 0 . 16 0 .0822  * 0 .15 1.08 2.31 " 0 .542 11 0.0108 0 .4 8 4
0 .300 1.13 * 0 .1 3 0 .306  ± 0 .12 1 .44 3 .45  11 0.996 n 0.0561 '* 0 .402
0 .383 1 .34  t  0 . 2 1 0 .4 67  - 0.  19 1.81 4 .59  ” 1.54 n 0.106 0 ,353
0 .500 1 . 1 3 - 0 . 1 6 0 .891  - 0.  16 2 . 0 2 5.66 " 2.05 i ; 0 .248 0 .3 2 4
0 .600 1.39 -  0 . 2 7 0 .896  t  0 . 2 4 2.29 6 .86  " 2 .69 1 1 0 .283 0 . 2 9 8
0 .700 1.37  - 0 . 2 1 1.16 -  0 . 1 9 2.53 8 . 0 0  " 3.33 M 0 .411 0 , 28 4
0 . 800 0 .975  ± 0 .4 2 1.78 i  0 . 28 2.75 8.71  " 3.88 I I 0 .715  " 0 .270
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Figure 8 Energy Dependence of the Asymmetry
Coefficients A and B
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Figure 9 Energy Dependence of the S im ,  (A + B), of the A sym m etry  Coeffic ients
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11
p r e s e n t  w o r k  w ith  C hagnon  and O w e n  and v a r y in g  e x t e n t  o f  a g r e e m e n t
10
w ith  the o th er  a u t h o r s .  T h e  i n c l i n a t i o n  of the  O x fo r d  c h a r g e d  p a r t i c l e  
r e s u l t s  t o w a r d  g r e a t e r  to ta l  a s y m m e t r y  b e l o w  0 . 5  M e v  i s  e v i d e n t .  A s  
m e n t i o n e d  in the  f i r s t  c h a p t e r ,  r e s u l t s  of  s i m i l a r  e x p e r i m e n t s  b e lo w  
0 . 1  M e v  show  t h i s  s a m e  t e n d e n c y  w h en  c o m p a r e d  w ith  o ther  r e p o r t e d  
a n g u la r  d i s t r i b u t i o n s  .
F i g u r e  10 s h o w s  the e n e r g y  d e p e n d e n c e  of  the  L e g e n d r e  p o l y ­
n o m ia l  c o e f f i c i e n t s .  T h i s  e x p r e s s i o n  o f  the data  i s  u s e fu l  in  in d ic a t in g  
the r e l a t i v e  i m p o r t a n c e  of  th e  in c id e n t  w a v e s  of  v a r i o u s  o r b i ta l  an gu lar
m o m e n t a .  T h e s e  c o e f f i c i e n t s  a r e  in f a i r l y  good  a g r e e m e n t  w ith  t h o s e
A
r e p o r t e d  by H unter  and  R i c h a r d s  a s  r e g a r d s  both m a g n i tu d e  and shape
of  th e  e n e r g y  d e p e n d e n c e .  A l th o u g h  o n ly  t h r e e  of  H unter  and R i c h a r d s '
v a l u e s  fa l l  b e l o w  1 . 0  M e v ,  the  p r e s e n t  r e s u l t s  appear  to  be a r e a s o n a b l e
e x t r a p o l a t i o n  o f  t h e ir  data to  l o w e r  e n e r g i e s .
A  v a lu e  of  0 . 4 8  -  0 . 0 9  for  the  a s y m m e t r y  c o e f f i c i e n t  A  w a s
o b ta in e d  in  the e a r l i e r  L o u i s i a n a  S tate  U n i v e r s i t y  w o r k  on the d - d
2
r e a c t io n ;  a  (1 +  A c o s  ©') t r e a t m e n t  w a s  u s e d .  D e u t e r o n s  w ith  0 . 1 0 0  
M e v  e n e r g y  w e r e  i n c id e n t  on th e  t h ic k  t a r g e t ,  and the a v e r a g e  d e u t e r o n  
e n e r g y  in  the t a r g e t  w a s  e s t i m a t e d  a s  0 . 0 7 5  M e v .  A g r e e m e n t  of  the  
v a lu e  0 . 4 8  w ith  th e  p r e s e n t  e x p e r i m e n t  i s  qu ite  g o o d .  A s  m e n t i o n e d  
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C o e f f i c i e n t s
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The i n v e s t i g a t i o n  d e s c r i b e d  in th i s  t h e s i s  s e e m s  to be a r e l i a b le  
m e a n s  of  d e t e r m in in g  the r e l a t i v e  angular  d i s t r ib u t io n  of  the d -d  n e u t r o n s .  
E r r o r s  in the a s y m m e t r y  c o e f f i c i e n t s  a r e  c o m p a r a b le  with  t h o s e  r e p o r t ­
ed by o ther  e x p e r i m e n t e r s .  T h e s e  e r r o r s  cou ld  p o s s i b l e  be r e d u c e d  if 
data  w e r e  c o l l e c t e d  at m o r e  a n g le s ;  h o w e v e r ,  the i n c r e a s e d  t i m e  r e q u ir e d  
to do th i s  m ig h t  m a g n i fy  s y s t e m a t i c  e r r o r s  and p a r t i a l l y  c a n c e l  the  
a d v a n ta g e s  of hav ing  m o r e  d a t a .  C o n s id e r in g  the whole  ra n g e  of  e n e r g i e s  
b elow  1 .0  M e v ,  the p r e s e n t  w o rk  y i e i d s  a m o r e  s m o o t h ly  v a ry in g  e n e r g y  
d e p e n d e n c e  of A and B than h a s  p r e v i o u s l y  been  r e p o r t e d .  K n o w led g e  of 
the an gu lar  d i s t r ib u t io n  at t h e s e  e n e r g i e s ,  h o w e v e r ,  i s  not yet  in a
s a t i s f a c t o r y  s t a t e .  The g e n e r a l  d iv e r g e n c e  b e tw een  the c h a r g e d  p a r t i c l e  
10
r e s u l t s  and th o se  r e p o r t e d  by o t h e r s  i s  a s  yet  u n e x p la in e d .
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